O n t a r i o , K1N-9B4, Canada. A b s t r a c t -C r o s s l i n k e d r e a c t i v e polymers w i t h n o v e l s t r u c t u r e s h a v e been p r e p a r e d from t h e c o r r e s p o n d i n g monomers o r by newly d e v e l o p e d c h e m i c a l m o d i f i c a t i o n r e a c t i o n s .
INTRODUCTION

The f i r s t s y n t h e t i c r e a c t i v e p o l y m e r s of some s i g n i f i c a n c e were u n d o u b t e d l y t h e ion-exchange r e s i n s [l] f i r s t p r e p a r e d as e a r l y a s 1935 [2] from phenol-formaldehyde c o n d e n s a t e s , t h e n a d a p t e d i n t h e e a r l y 1950's t o t h e more s u i t a b l e s t y r e n e -d i v i n y l b e n z e n e s t r u c t u r e s [3,4] w h i c h a r e s t i l l i n u s e t o d a y . D e s p i t e t h e i r g r e a t i m p o r t a n c e , t h e i m p a c t o f i o n -e x c h a n g e r e s i n s on t h e s p e c i a l i z e d f i e l d of r e a c t i v e polymers i s overshadowed by M e r r i f i e l d ' s development of t h e s o l i d -p h a s e method of s y n t h e s i s i n t h e e a r l y 1960's [5]. M e r r i f i e l d ' s c o n c e p t n o t o n l y r e v o l u t i o n i z e d [6] t h e f i e l d of p e p t i d e s y n t h e s i s f o r which it had been d e v e l o p e d , b u t a l s o s p r e a d q u i c k l y t o o t h e r areas of o r g a n i c s y n t h e s i s , c a t a l y s i s , s e p a r a t i o n s c i e n c e , etc. I n t e r e s t i n g l y , t h e d e v e l o p m e n t o f n u m e r o u s new p o l y m e r i c r e a g e n t s , c a t a l y s t s , a n d s u p p o r t s , h a s r e s u l t e d i n a b e t t e r awareness of t h e f a c t t h a t p o l y m e r s c o u l d be d e s i g n e d t o h a v e s p e c i a l r e a c t i v i t i e s and t h i s , i n t u r n , h a s c o n t r i b u t e d t o a new i n t e r e s t i n r e a c t i v e polymers f o r a p p l i c a t i o n i n areas n o t d i r e c t l y r e l a t e d t o s y n t h e s i s , c a t a l y s i s , o r s e p a r a t i o n s c i e n c e . T h i s r e p o r t w i l l make n o a t t e m p t t o b r o a d c o v e r a g e o f t h e f i e l d o f r e a c t i v e p o l y m e r s ; indeed, s e v e r a l books [7-91 and numerous o t h e r r e v i e w s h a v e a d e q u a t e l y c o v e r e d most of t h e v a r i o u s s y n t h e t i c o r c a t a l y t i c a p p l i c a t i o n s of t h e f i e l d . I n s t e a d t h i s w i l l f o c u s m a i n l y on t h e a u t h o r s ' own r e c e n t e x p e r i e n c e s and w i l l p r e s e n t a l i m i t e d and p e r h a p s somewhat b i a s e d v i e w o f t h a t p a r t of t h e f i e l d o f r e a c t i v e p o l y m e r s w h i c h is o f c l o s e s t i n t e r e s t t o t h e s y n t h e t i c o r g a n i c o r i n d u s t r i a l chemist.
PREPARATION OF POLYMERIC REAGENTS, CATALYSTS, AND SUPPORTS
Although some v e r y i n t e r e s t i n g r e s u l t s h a v e been o b t a i n e d i n a p p l i c a t i o n s i n v o l v i n g s o l u b l e p o l y m e r s [ 101 t h e d i s c u s s i o n b e l o w w i l l f o c u s a l m o s t e x c l u s i v e l y o n t h e p r e p a r a t i o n o f c r o s s l i n k e d r e a c t i v e r e s i n s , macroporous o r g e l -t y p e . Gel-type polymers, s u c h as t h e 1-279 c r o s s l i n k e d ( c h l o r o m e t h y 1 ) p o l y s t y r e n e used by M e r r i f i e l d [ 51, h a v e no permanent p o r e s b u t swell e x t e n s i v e l y i n some a p p r o p r i a t e l y chosen s o l v e n t s . F u n c t i o n a l g r o u p s a t t a c h e d t o t h e s e polymers h a v e h i g h r e a c t i v i t i e s , o f t e n comparable t o t h o s e of a n a l o g o u s small m o l e c u l e s i n l u t i o n . S i m i l a r l y , as t h e c h a i n s h a v e e x c e l l e n t m o b i l i t i e s i n t h e s w o l l e n state, t h e i r 89C-NMR s p e c t r a c a n be measured e a s i l y a l b e i t w i t h some l i n e b r o a d e n i n g , under c o n v e n t i o n a l c o n d i t i o n s [ll]. In c o n t r a s t , more h i g h l y c r o s s l i n k e d macroporous r e s i n s p r e p a r e d by suspens i o n p o l y m e r i z a t i o n i n t h e p r e s e n c e of porogens [12,13] o f t e n h a v e h i g h p o r o s i t i e s and h i g h s u r f a c e areas which make them more s u i t a b l e i n c e r t a i n a p p l i c a t i o n s s u c h as t h o s e i n v o l v i n g flow-systems p r e v a l e n t i n t h e area of polymer-based s e p a r a t i o n media. A d e f i n i t e drawback of macroporous r e s i n s when compared t o s w e l l a b l e g e l s , i s t h e i r lower r e a c t i v i t y and r e l a t i v e l y poor mechanical p r o p e r t i e s which o f t e n p r e c l u d e t h e i r use. N o t e : a d d r e s s c o r r e s p o n d e n c e t o t h i s a u t h o r a t t h e D e p a r t m e n t of C h e m i s t r y , C o r n e l l U n i v e r s i t y , I t h a c a , New York 14853-1301, U.S.A.
Preparation by chemical modification
The chemical m o d i f i c a t i o n r o u t e i s p a r t i c u l a r l y a t t r a c t i v e with p o l y s t y r e n e based r e s i n s as t h e i r a r o m a t i c r i n g s c a n b e m o d i f i e d r e a d i l y by e l e c t r o p h i l i c a r o m a t i c s u b s t i t u t i o n o r through o t h e r s i m p l e r e a c t i o n s . Thus t h e c h l o r o m e t h y l a t i o n of p o l y s t y r e n e [ 3 ]
was one of t h e important r e a c t i o n s used i n t h e development of i o n exchange r e s i n s and was a l s o used as t h e key polymer f u n c t i o n a l i z a t i o n r e a c t i o n i n M e r r i f i e l d ' s o r i g i n a l approach [ 51. Other widely a p p l i c a b l e f u n c t i o n a l i z a t i o n r e a c t i o n s which have been s t u d i e d e x t e n s i v e l y a r e t h e bromin a t i o n [14-161 a n d t h e l i t h i a t i o n [ 1 4 , 17-18] of c r o s s l i n k e d p o l y s t y r e n e . I n f a c t , i t i s l i k e l y t h a t w e l l o v e r h a l f t h e r e a c t i v e c r o s s l i n k e d r e s i n s prepared t o d a t e h a v e been made through procedures i n v o l v i n g e i t h e r c h l o r o m e t h y l a t e d o r l i t h i a t e d p o l y s t y r e n e . T h i s i s due t o t h e ease with which displacement o r a d d i t i o n r e a c t i o n s (Fig. 1) can be c a r r i e d o u t on ( c h l oromethy1)polystyrene o r on ( 1 i t h i o ) p o l y s t y r e n e . These r e a c t i o n s which can be performed under c l a s s i c a l c o n d i t i o n s have been reviewed [ 193; i n t h e c a s e of n u c l e o p h i l i c d i s p l a c e m e n t s on (chloromethy1)polystyrene t h e r e a c t i o n s can a l s o be done u s i n g phase t r a n s f e r c a t a l y s i s [20] .
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Fig. 1. Typical r e a c t i o n s i n v o l v i n g (chloromethyl) o r ( 1 i t h i o ) p o l y s t y r e n e
Control of structure during chemical modification.
A l t h o u g h t h e c h e m i c a l m o d i f i c a t i o n approach
has been e x t r e m e l y s u c c e s s f u l i n i t s a p p l i c a t i o n t o t h e p r e p a r a t i o n of r e s i n s h a v i n g a g r e a t v a r i e t y of s t r u c t u r e s , i t i s a r o u t e which should be considered w i t h g r e a t care. For example, it i s unwise t o assume t h a t a r e a c t i o n which has been optimized f o r t h e p r e p a r a t i o n of a small m o l e c u l e w i l l be d
i r e c t l y a p p l i c a b l e t o t h e chemical m o d i f i c a t i o n of a polymer. Indeed t h e r e a c t i v e polymer l i t e r a t u r e i s f u l l of examples where t h e l a c k of r e a c t i v i t y , o r t h e s t r a n g e behavior of a p a r t i c u l a r f u n c t i o n a l polymer, i s a t t r i b u t e d t o t h e d e l e t e r i o u s e f f e c t of a t t a c h m e n t t o a p o l y m e r backbone, when i n f a c t i t i s t h e c h e m i c a l m o d i f i c a t i o n procedure which i s a t f a u l t . The term "polymer-analogous r e a c t i o n " may be a u s e f u l d e s c r i pt o r f o r a p r o c e d u r e i n w h i c h a known r e a c t i o n , o p t i m i z e d f o r t h e p r e p a r a t i o n o f a s m a l l m o l e c u l e , i s a p p l i e d t o t h e m o d i f i c a t i o n o f a p o l y m e r , b u t i t s h o u l d n o t l e a d t o t h e complacent assumption t h a t t h e r e a c t i o n a p p l i e d t o a polymeric s u b s t r a t e w i l l a f f o r d r e s u l t s which d u p l i c a t e e x a c t l y t h o s e of t h e model r e a c t i o n .
I n f a c t t h i s terminology which may be s e r i o u s l y m i s l e a d i n g should probably be avoided a l t o g e t h e r .
Whenever chemical m o d i f i c a t i o n of a polymer i s contemplated, i t must be remembered t h a t any s i d e -r e a c t i o n which o c c u r s may r e s u l t i n t h e p e r m a n e n t a t t a c h m e n t of u n d e s i r e d o r e v e n d e l e t e r i o u s f u n c t i o n a l i t i e s t o t h e polymer backbone [21] . The same can be s a i d of incomplete r e a c t i o n s which a f f o r d m a t e r i a l s c o n t a i n i n g a t l e a s t two c l e a r l y d i s t i n g u i s h a b l e r e a c t i v e groups. These may h a v e d i v e r g e n t r e a c t i v i t i e s which c o u l d p o t e n t i a l l y reduce t h e e f f e c t iveness of t h e f i n a l r e s i n . Although a t t e m p t s may be made t o e l i m i n a t e t h e p o t e n t i a l harmful e f f e c t s of undesired f u n c t
i o n a l i t i e s r e s u l t i n g from chemical m o d i f i c a t i o n p r o c e s s e s [ 2 2 ] , i t i s always b e s t t o optimize t h e p r o c e s s i t s e l f by d e v e l o p i n g procedures u n i q u e l y s u i t e d t o t h e t a r g e t r e s i n [23-241.
A t t h e same t i m e , a n a l y t i c a l c o n t r o l s must be e s t a b l i s h e d t o confirm t h e q u a n t i t a t i v e n a t u r e of t h e f u n c t i o n a l i z a t i o n r e a c t i o n [23-241.
Consideration of microenvironment within a reactive polymer.
T h i s i s an i s s u e which i s a l l t o o o f t e n f o r g o t t e n i n t h e d e s i g n of r e a c t i v e p o l y m e r s . I t s h o u l d be remembered t h a t whenever an i n s o l u b l e p o l y m e r i s used as a r e a c t a n t o r c a t a l y s t i n a g i v e n r e a c t i o n , t h e microenvironment of t h e r e a c t i v e s i t e i s very d i f f e r e n t from t h a t which p r e v a i l s i n c l a s s i c a l s o l u t i o n chemistry.
Thus, t h e r e e x i s t s w i t h i n t h e r e a c t i o n medium an uneven d i s t r i b u t i o n of both t h e polymer-bound r e a c t i v e s p e c i e s and a l s o of t h e groups which make up t h e backbone of t h e polymer. For example, r e a c t i o n s c a r r i e d o u t w i t h a r e a c t i v e s t y r e n e r e s i n with a degree of f u n c t i o n a l i z a t i o n of 0.1 may be a f f e c t e d by t h e f a c t a l l r e a c t i v e e n d s a r e c o n s t a n t l y surrounded by t h e s t y r e n i c m o i e t i e s t o which they are a t t a c h e d , t h e s e may p r o v i d e a s p e c i a l non-polar microenvironment which i s n o t n o r m a l l y obtained i n t h e more u s u a l s o l u t i o n react i o n s [25-271.
I n a d d i t i o n , as t h e r e a c t i v e s i t e s are a l l a t t a c h e d t o t h e i n s o l u b l e polymer and a r e t h e r e f o r e not e v e n l y d i s t r i b u t e d throughout t h e medium, high l o c a l c o n c e n t r a t i o n s l e a d i n g t o s i t e -s i t e i n t e r a c t i o n s may occur. Such i n t e r a c t i o n s of r e a c t i v e s i t e s which have been observed i n numerous polymer-supported r e a c t i o n s [21, [28] [29] [30] [31] a r e examples of o t h e r t y p e s of microenvironment e f f e c t s which are a l s o o f t e n seen i n polymer-assisted chemistry. These m i c r o e n v i r o n m e n t e f f e c t s c a n b e e x t r e m e l y i m p o r t a n t i f t h e y a r e h a r n e s s e d t o c o n t r i b u t e p o s i t i v e l y t o t h e u l t i m a t e design; t h e y may a l s o be harmful e s p e c i a l l y i f they r e s u l t from u n c o n t r o l l e d , and t h e r e f o r e sometimes undetected, s i d e -r e a c t i o n s d u r i n g s y n t h e s i s . A t t e m p t s t o design t h e microenvironment of r e a c t i v e s i t e s have been r e p o r t e d i n t h e l i t e r a t u r e [24-26, 28, 311 .
Use of polymethylene spacers on polystyrene substrates.
Though
s t y r e n e , i t h a s become a p p a r e n t t h a t t h e b e n z y l i c l i n k a g e between r e a c t i v e group and r e s i n may n o t always p r o v i d e t h e l o n g -t e r m s t a b i l i t y w h i c h i s d e s i r a b l e i n r e a c t i v e p o l y m e r s . H e n c e , i t i s w e l l known t h a t b e n z y l i c q u a t e r n a r y onium s a l t s a r e e a s 
t i o n s i s t h a t e a c h was o p t i m i z e d t o e n s u r e t h a t q u a n t i t a t i v e y i e l d s were o b t a i n e d i n e a c h of t h e key m o d i f i c a t i o n s t e p s . Though it i s g e n e r a l l y t r u e t h a t a d i m e t h y l e n e s p a c e r may be s u b j e c t t o u n w a n t e d e l i m i n a t i o n r e a c t i o n s , i t i s p o s s i b l e i n most c a s e s t o d e v e l o p r e a c t i o n c o n d i t i o n s f o r which s u c h e l i m i n a t i o n s a r e n o t p o s s i b l e , o r s t r u c t u r e s i n which t h e polymer-bound f u n c t i o n a l i t i e s a r e p o o r l e a v i n g g r o u p s u n d e r b a s i c c o n d i t i o n s . T h i s w o r k o n t h e i n t r o d u c t i o n of d im e t h y l e n e s p a c e r s i s of p a r t i c u l a r i n t e r e s t a s i t d e m o n s t r a t e s t h e f r e q u e n t inadequacy of b l i n d l y a p p l i e d " p o l ymer-analogous" r e a c t i o n s : s p e c i a l r e a c t i o n c o n d i t i o n s a r e r e q u i r e d t o c o p e w i t h t h e u n u s u a l e n v i r o n m e n t w h i c h p r e v a i l s w i t h i n r e a c t i v e polymers. For example, w h i l e model r e a c t i o n s s u g g e s t t h a t (2-bromoethyl)polystyrene s h o u l d be r e a d i l y o b t a i n e d from t h e c o r r e s p o n d i n g 2-hydroxyethyl a n a l o g by r e a c t i o n w i t h l i t h i u m bromide and c h l o r o t r i m e t h y ls i l a n e i n a c e t o n i t r i l e , i t i s found t h a t t h i s r e a c t i o n o n l y p r o c e e d s t o 90% c o m p l e t i o n . T h i s i s l i k e l y due t o t h e u n i q u e non-polar microenvironment w i t h i n t h e polymer ( s t y r e n i c r e s i d u e s h e l d i n p r o x i m i t y t o t h e a l c o h o l site) which a l l o w s t h e s i l y l a t i o n of some of t h e r e a c t i v e groups t o o c c u r i n c o m p e t i t i o n t o t h e normal b r o m i n a t i o n which i s u s u a l l y q u a n t i t a t i v e i n t h e p o l a r a c e t o n i t r i l e medium. The c h o i c e of o t h e r o p t i m i z e d r e a c t i o n c o n d i t i o n s [ 231 a f f o r d s t h e
. Development of a q u a n t i t a t i v e b r o m i n a t i o n p r o c e d u r e f o r a h y d r o x y l a t e d r e s i n .
O t h e r s p a c e r groups which may be e v e n more s u i t a b l e c a n a l s o be used a d v a n t a g e o u s l y [26, [12, [37] [38] . (Fig. 3) .
1 b u t t h e work on d i m e t h y l e n e s p a c e r s c l e a r l y d e m o n s t r a t e s t h a t c h e m i c a l m o d i f i c a t i o n p r o c e d u r e s need t o be s t u d i e d and o p t i m i z e d on t h e t a r g e t polymers and n o t j u s t t a k e n from t h e o r g a n i c l i t e r a t u r e w i t h o u t due c o n s i d e r a t i o n of t h e s p e c i a l r e q u i r e m e n t s which a p p l y t o r e a c t i v e polymers.
Chemical modification of glycidyl methacrylate resins.
Although t h e p r e v i o u s d i s c u s s i o n was f o c u s e d e n t i r e l y o n c r o s s l i n k e d p o l y s t y r e n e r e s i n s , i t i s w o r t h n o t i n g h e r e t h a t a n o t h e r r e a c t i v e r e s i n which h a s r e c e i v e d much a t t e n t i o n i s c r o s s l i n k e d g l y c i d y l m e t h a c r y l a t e . Most of t h e work on t h i s polymer h a s been c a r r i e d o u t on macroporous r e s i n s
With few e x c e p t i o n s , t h e c h e m i c a l m o d i f i c a t i o n of t h e s e r e s i n s i s g e n e r a l l y n o t q u a n t i t a t i v e b u t t h i s h a s n o t o v e r l y a f f e c t e d t h e i r end use which h a s m a i n l y been i n t h e area of s e p a r a t i o n media.
New directions in chemical modification.
It may be s a i d t h a t t h e r e a c t i v i t y of ( 1 i t h i o ) p o l ys t y r e n e i s complementary t o t h a t of (chloromethy1)polystyrene as t h e former can be used as a n u c l e o p h i l i c r e a g e n t w h i l e t h e l a t t e r h a s e l e c t r o p h i l i c p r o p e r t i e s . In t h e o r y , ( c h l o r om e t h y 1 ) p o l y s t y r e n e i t s e l f c o u l d a l s o be t u r n e d i n t o a complementary n u c l e o p h i l i c r e a g e n t by t r a n s f o r m a t i o n i n t o t h e c o r r e s p o n d i n g l i t h i a t e d o r organomagnesium r e a g e n t . U n f o r t u n a t e l y a t t e m p t s a t l i t h i a t i o n of (chloromethy1)polystyrene under a v a r i e t y of c o n d i t i o n s a l l met w i t h f a i l u r e as t h e r e a g e n t c o u p l e s i n s t a n t l y t o y i e l d b i p h e n y l i c s p e c i e s t h e r e b y i n c r e a s i n g t h e d e g r e e o f c r o s s l i n k i n g o f t h e r e s i n a n d d e s t r o y i n g a l l d e s i r e d f u n c t i o n a l i t y [ 2 4 ] . S i m i l a r l y , s y n t h e s i s of t h e polymer-supported G r i g n a r d r e a g e n t i s made d i f f i c u l t by t h e f a c t b o t h ( c h l o r o m e t h y 1 ) p o l y s t y r e n e and magnesium a r e s o l i d i n s o l u b l e r e a g e n t s . Numerous a t t e m p t s t o p r e p a r e t h e G r i g n a r d r e a g e n t e i t h e r d i r e c t l y o r v i a r e a c t i v e s p e c i e s such as magnesium bromide, o r s o l u b l e G r i g n a r d r e a g e n t s o p e r a t i n g as magnesium " s h u t t l e s " f a i l e d t o produce t h e d e s i r e d p o l y m e r i c G r i g n a r d [24]. We h a v e r e c e n t l y been a b l e t o s o l v e t h i s problem s a t i s f a c -t o r i l y [ 3 9 ] u s i n g magnesium anthracene-THF complex [ 4 0 ] as t h e m e t a l a t i n g s p e c i e s
Under t h e s e c o n d i t i o n s e x c e l l e n t y i e l d s of t h e i n s o l u b l e p o l y m e r -b o u n d b e n z y l i c G r i g n a r d s p e c i e s a r e o b t a i n e d
; t h e s e r e a g e n t s are c u r r e n t l y b e i n g used i n t h e development of s e v e r a l new and i n t e r e s t i n g r e a c t i v e polymers.
..&%I. 3 TH F
P r e p a r a t i o n and t e s t r e a c t i o n of a n i n s o l u b l e G r i g n a r d r e a g e n t 
CH,-
S i m i l a r l y , t h e development of polymer m o d i f i c a t i o n r e a c t i o n s i n which l i n k a g e of r e a c t i v e m o i e t i e s t o p o l y s t y r e n e i s accomplished t h r o u g h carbon-carbon bonds o n l y , as opposed t o t h e carbon-heteroatom l i n k a g e s which are u s u a l l y o b t a i n e d i n t h e r e a c t i o n of ( c h l o r o m e t h y 1 ) p o l ys t y r e n e w i t h n u c l e o p h i l e s , h a s l e d u s t o d e v e l o p organo-copper mediated r e a c t i o n s which can be c a r r i e d o u t u s i n g c r o s s l i n k e d p o l y s t y r e n e r e s i n s as r e a c t i v e s u b s t r a t e s (Fig. 4 ) . Such r e a c t i o n s promise t o be u s e f u l i n t h e p r e p a r a t i o n of c e r t a i n p o l y m e r i c c a t a l y s t s [ 4 1 ] .
F i n a l l y , o u r a t t e m p t s t o modify c l e a n l y c r o s s l i n k e d polymers d e r i v e d from 2-methyl-5-vinylp y r i d i n e t h r o u g h a c t i v a t i o n of t h e 2-methyl group (Fig. 5) were much less s u c c e s s f u l as we were n o t a b l e t o e l i m i n a t e s i d e r e a c t i o n s . The i n t r o d u c t i o n of a c e t a t e , h a l o g e n , o r d i a l k y la m i n o f u n c t i o n a l g r o u p s , o f t e n v i a t h e N-oxide d e r i v a t i v e were u s u a l l y a c c o m p a n i e d by u n d e s i r e d s i d e -r e a c t i o n s such as a d d i t i o n a l c r o s s l i n k i n g and a l s o t h e i n c o r p o r a t i o n of some u n c o n t r o l l e d f u n c t i o n a l i t i e s i n t o t h e r e a c t i v e polymer [ 4 2 ] . Though t h e m o d i f i e d p o l y m e r s may s t i l l be u s a b l e i n some a p p l i c a t i o n s , t h e s e m o d i f i c a t i o n r e a c t i o n s c a n n o t be compared t o t h o s e d e s c r i b e d e a r l i e r i n t h i s r e p o r t as o p t i m i z a t i o n c o u l d n o t be c a r r i e d out.
-( CH,-CH+ --f CH,-CH+- 
. Chemical m o d i f i c a t i o n of poly(2-methyl-5-vinylpyridine)
Preparation from reactive monomers The p r e p a r a t i o n of u s e f u l c r o s s l i n k e d r e a c t i v e r e s i n s from f u n c t i o n a l monomers h a s r e c e i v e d much less s u s t a i n e d a t t e n t i o n t h a n t h e c h e m i c a l m o d i f i c a t i o n a p p r o a c h d e s c r i b e d above. T h i s i s due i n p a r t t o t h e l i m i t e d a v a i l a b i l i t y of f u n c t i o n a l monomers and t o t h e r e l u c t a n c e of many r e s e a r c h e r s t o v e n t u r e i n t o t h e p r e p a r a t i o n of bead polymers w i t h s u i t a b l e p h y s i c a l as w e l l as c h e m i c a l c h a r a c t e r i s t i c s . The p r e p a r a t i o n of 1-2% c r o s s l i n k e d g e l polymers by s u s p e n s i o n p o l y m e r i z a t i o n i s a r e l a t i v e l y easy t a s k p r o v i d e d a s u i t a b l e c r o s s l i n k i n g a g e n t w i t h a r e a c t i v i t y comparable t o t h a t of t h e f u n c t i o n a l monomer i s a v a i l a b l e . I n p r a c t i c e , d i v i n y l b e n z e n e , e t h y l e n e d i m e t h a
c h a s t h e n a t u r e a n d amount o f p o r o g e n i c a g e n t , t h e s t i r r i n g r a t e a n d r e a c t o r d e s i g n , t h e r e l a t i v e p r o p o r t i o n s of t h e v a r i o u s components i n t h e r e a c t i o n m i x t u r e , etc., a l l h a v e a s i g n i f i c a n t e f f e c t on t h e c h a r a c t e r i s t i c s of t h e f i n a l r e s i n s . F o r t u n a t e l y t h e r e e x i s t s e v e r a l e x c e l l e n t a c c o u n t s o f p r o c e d u r e s w h i c h a r e u s e f u l i n t h e p r e p a r a t i o n o f macroporous a c r y l i c [ 1 2 ] o r s t y r e n i c [ 1 3 , 451 r e s i n s . [
F i g u r e 6 shows s e v e r a l r e l a t i v e l y e a s i l y a c c e s s i b l e s u b s t i t u t e d s t y r e n e monomers which
a r e u s e f u l i n t h e p r e p a r a t i o n of r e a c t i v e p o l y m e r s . W h i l e some of t h e s e monomers a r e commerc i a l l y a v a i l a b l e , o t h e r s , which are sometimes p r e p a r e d f o r p r o p r i e t a r y i n d u s t r i a l a p p l i c at i o n s , may be more d i f f i c u l t t o o b t a i n , S e v e r a l o t h e r i n t e r e s t i n g and c o m m e r i c a l l y a v a i l a b l e f u n c t i o n a l monomers s u c h as g l y c i d y l m e t h a c r y l a t e , 2-hydroxyethyl m e t h a c r y l a t e , and o t h e r acrylics h a v e a l s o been used e x t e n s i v e l y t o p r e p a r e r e a c t i v e polymers. I t i s e x p e c t e d t h a t as t h e market f o r s p e c i a l t y p o l y m e r s grows l a r g e r , o t h e r f u n c t i o n a l monomers w i l l be added t o t h e c a t a l o g s of c h e m i c a l s u p p l i e r s .
CHz=
26, 471
Miscellaneous reactive monomers.
Numerous o t h e r r e a c t i v e monomers are b e i n g p r e p a r e d f o r u l t i m a t e a p p l i c a t i o n s i n polymer a s s i s t e d chemistry. For example s e v e r a l c h i r a l amino a l c oh o l l i g a n d s h a v e been a t t a c h e d t o c h l o r o m e t h y l s t y r e n e (Fig, 9) f o r t h e p r e p a r a t i o n of p o l ym e r i c r e a g e n t s o r c a t a l y s t s u s e d i n a s y m m e t r i c s y n t h e s i s [ 28, 48-50]. O t h e r i n t e r e s t i n g s t r u c t u r e s w h i c h m a y f i n d v a r i e d a p p l i c a t i o n s i n c l u d e v i n y l t -b u t y l c a r b o n a t e [ 5 1 ] and numerous o t h e r c a r b o n a t e s u b s t i t u t e d v i n y l compounds.
Fig. 8. P r e p a r a t i o n of monomers having a t r i m e t h y l e n e spacer group.
CH,=CH I
CH2= CH
Q CH2CI (Fig.10) . 
F i g . 9. P r e p a r a t i o n of polymer-supported c h i r a l amino-alcohols.
POLYMER-ASSISTED CHEMISTRY
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As most of t h e o r g a n i c a p p l i c a t i o n s of r e a c t i v e polymers h a v e been reviewed r e c e n t l y [ 7-9, 211, some w i l l be mentioned b r i e f l y i n t h e f o l l o w i n g paragraphs b u t d e t a i l e d c o v e r a g e w i l l be l i m i t e d t o a s m a l l s e l e c t i o n of newer e x a m p l e s , m a i n l y from t h e a u t h o r s ' own l a b o r a t o r y , which p r o v i d e a v i e w o f some o f t h e d i r e c t i o n s i n which t h e f i e l d i s moving a t t h e p r e s e n t time.
With t h e continued expansion of t h e f i e l d of biotechnology, immobilized enzymes and c e l l s a r e s t i l l r e c e i v i n g a c o n s i d e r a b l e amount of a t t e n t i o n . S e v e r a l i n d u s t r i a l p r o c e s s e s based on such i m m o b i l i z e d s p e c i e s h a v e b e e n i n o p e r a t i o n f o r some time now [52-541 and o t h e r s a r e l i k e 1 y t o f o l 1 ow, I n t h e area of polymer-supported t r a n s i t i o n metal c a t a l y s t s s e r i o u s problems with t h e longterm s t a b i l i t y of t h e f u n c t i o n a l i z e d s u p p o r t s have been encountered [55-561. F u t u r e developments i n t h i s a r e a w i l l hinge on r e s e a r c h i n t o immobilizing systems of improved s t a b i l i t y . Some v e r y i m a g i n a t i v e u s e s of s o l u b l e polymeric r e a g e n t s and c a t a l y s t s have been d e s c r i b e d by B e r g b r e i t e r [lo, 571 f o l l o w i n g t h e e a r l i e r s u c c e s s f u l a p p l i c a t i o n of s o l u b l e s u p p o r t s i n t h e s y n t h e s i s of p o l y p e p t i d e s [58]. The polymeric p h o t o s e n s i t i z e r s of Neckers and coworkers [59-601 have now been s t u d i e d i n g r e a t d e t a i l and p r o v i d e an i n t e r e s t i n g and unique a l t e r n a t i v e t o t h e c o n v e n t i o n a l p h o t o s e n s i t i z e r s . Outstanding work i n t h e a r e a of m o l e c u l a r r e c o g n i t i o n through t h e use of polymeric t e m p l a t e s by Wulff and coworkers [61-621 c o n t i n u e s t o s t i m u l a t e r e s e a r c h towards polymeric enzyme models.
Polymer-assisted asymmetric synthesis
W h i l e most e a r l y work i n t h e a p p l i c a t i o n of c h i r a l p o l y m e r s f o r a s y m m e t r i c p r o c e s s e s was d i r e c t e d towards m a t e r i a l s u s e f u l i n t h e chromatographic s e p a r a t i o n of enantiomers [62-641, s e v e r a l r e p o r t s of t h e use of polymers as c h i r a l a u x i l i a r i e s i n asymmetric s y n t h e s e s have appeared. These i n c l u d e polymeric phase t r a n s f e r c a t a l y s t s [ 6 5 ] o r c h i r a l polymers used i n asymmetric a d d i t i o n [66-691 o r a l k y l a t i o n r e a c t i o n s [70-711. More r e c e n t l y , much a c t i v i t y has been c o n c e n t r a t e d on polymer-assisted asymmetric r e d u c t i o n s [28, 48-49].
The s o l i d -p h a s e a p p r o a c h seems t o b e i d e a l l y s u i t e d f o r numerous a s y m m e t r i c r e a c t i o n s i n which t h e c h i r a l a u x i l i a r y remains u n a f f e c t e d i n t h e o v e r a l l process a s c h i r a l m o l e c u l e s a r e o f t e n v a l u a b l e commodities f o r which r e c y c l i n g i s a v e r y p r a c t i c a l requirement. Attachment of t h e c h i r a l m o i e t i e s t o i n s o l u b l e r e a c t i v e polymers e n s u r e s t h a t t h e i r r e c o v e r y w i l l be q u a n t i t a t i v e and may t h e r e f o r e f a c i l i t a t e t h e i r use. T h i s reasoning had c o n t r i b u t e d t o t h e development of a number of c h i r a l polymers f o r asymmetric r e d u c t i o n s , E a r l y work on polymerbound l i t h i u m aluminium h y d r i d e c h i r a l complexes [73-751 h a v i n g a f f o r d e d r e s u l t s which were v a s t l y i n f e r i o r t o t h o s e o b t a i n e d w i t h many low m o l e c u l a r weight complexes, we undertook a thorough s t u d y of t h e r e a c t i o n [28]. The c h i r a l a u x i l i a r y chosen f o r t h i s s t u d y was c r o s sl i n k e d p o l y s t y r e n e c o n t a i n i n g ( l R , 2 S ) -e p h e d r i n e bound t h r o u g h n i t r o g e n t o some of i t s pm e t h y l e n e -s u b s t i t u t e d a r o m a t i c r i n g s . The c h i r a l r e a g e n t i s p r e p a r e d by s u c c e s s i v e t r e a t m e n t of a s o l u t i o n of l i t h i u m aluminium h y d r i d e i n e t h e r w i t h 2 m o l a r e q u i v a l e n t s of a n a c h i r a l phenol and 1 e q u i v a l e n t of t h e polymer. The r e s u l t i n g complex i s t h e n used i n t h e s t o i c h i ometric r e d u c t i o n of a p r o c h i r a l k e t o n e such as acetophenone
F i g . 11. Asymmetric r e d u c t i o n w i t h a polymeric c h i r a l borane complex, A s e r i e s of e x p e r i m e n t s w i t h v a r i o u s p o l y m e r s h a v i n g d i f f e r e n t d e g r e e s of f u n c t i o n a l i z a t i o n (DF) showed c l e a r l y t h a t t h e r e e x i s t e d a n i n v e r s e r e l a t i o n s h i p b e t w e e n p o l y m e r DF a n d e n a n t i o s e l e c t i v i t y . T h i s i s due t o t h e i n t e r a c t i o n of r e a c t i v e s i t e s i n t h e h i g h e r c a p a c i t y polymers f o r which s e l e c t i v e f o r m a t i o n of t h e d e s i r e d c h i r a l complex is n o t f a v o r e d . T h i s r e s u l t s i n b i n d i n g of t h e h y d r i d e t o s e v e r a l r a t h e r t h a n t o a s i n g l e c h i r a l c e n t e r , a s w e l l a s i n t h e f o r m a t i o n of o t h e r f u l l y a c h i r a l h y d r i d e m o i e t i e s w i t h a c o n c o m m i t a n t l o s s o f s e l e c t i v i t y . H o w e v e r , a t l o w e r d e g r e e s of f u n c t i o n a l i z a t i o n , t h e p o l y m e r -b o u n d s p e c i e s b e h a v e i n d e p e n d e n t l y o f o n e a n o t h e r a s i s t h e c a s e w i t h s o l u b l e c o m p l e x e s f o r m e d w i t h Nbenzyl-ephedrine and good s e l e c t i v i t y i s observed.
A b e t t e r s y t e m f o r p o l y m e r -a s s i s t e d a s y m m e t r i c r e d u c t i o n s h a s been s t u d i e d e x t e n s i v e l y by I t s u n o e t a l . [ 481. I n t h i s w o r k i t was f o u n d t h a t t h e asymmetric r e d u c t i o n o f p r o c h i r a l k e t o n e s w i t h complexes formed from c e r t a i n polymer-bound c h i r a l amino a l c o h o l s and borane g a v e e x c e l l e n t r e s u l t s as t h e system i s f r e e from t h e t y p e of m u l t i p l e b i n d i n g i n t e r a c t i o n s w h i c h a r e p r e v a l e n t w i t h l i t h i u m a l u m i n i u m h y d r i d e complexes, A t y p i c a l r e a c t i o n scheme (Fig. 11) i n v o l v e s t h e f o r m a t i o n of a n a c t i v e complex by r e a c t i o n of t h e c h i r a l polymer w i t h two m o l a r e q u i v a l e n t s of b o r a n e . T h i s r e a g e n t c a n r e d u c e a r o m a t i c k e t o n e s w i t h o p t i c a l y i e l d s a p p r o a c h i n g 100% [76-771. An i n t e r e s t i n g e x t e n s i o n of t h e method i s i t s a d a p t a t i o n t o a c o n t i n u o u s f l o w system where borane and k e t o n e are s u p p l i e d c o n t i n u o u s l y t o a s p e c i a l l y d e s i g n e d c o l u m n f i l l e d w i t h t h e c h i r a l p o l y m e r w h i c h i s c o n s t a n t l y r e g e n e r a t e d i n t h e p r o c e s s [78]. The same polymer-bound borane complex can be used i n t h e r e d u c t i o n of oxime e t h e r s t o o p t i c a l l y a c t i v e a m i n e s ; h e r e a g a i n o p t i c a l y i e l d s a p p r o a c h 100%. A l t h o u g h t h e e x a c t s t r u c t u r e s of t h e c h i r a l complexes i n v o l v e d i n t h e r e d u c t i o n of oxime e t h e r s a r e n o t c l e a r , t h e f o l l o w i n g o b s e r v a t i o n s [49, 791 p r o v i d e some i n s i g h t i n t h e r e a c t i o n : -The r e d u c t i o n i s much f a s t e r w i t h t h e amino a l c o h o l -b o r a n e t h a n w i t h borane a l o n e . -The p r o d u c t d o e s n o t bind t o t h e complex a l l o w i n g t h e u s e of a f l o w system. -The c h i r a l complex need n o t be p r e s e n t i n s t o i c h i o m e t r i c amount i f a flow-system i s
used, r a t i o s of o v e r 1 O : l h a v e produced s a t i s f a c t o r y r e s u l t s . These r e s u l t s are e x t r e m e l y e n c o u r a g i n g and s u g g e s t t h a t i n d e e d c h i r a l polymers may h a v e a promising f u
t u r e as a u x i l i a r i e s i n asymmetric r e a c t i o n , T h i s i s p a r t i c u l a r l y t r u e f o r r e a ct i o n s i n which t h e p r o d u c t d o e s n o t remain a t t a c h e d t o t h e s o l i d c h i r a l complex as t h e s e may be a d a p t e d t o f l o w systems.
Regenerability in the design of polymeric reagents or protecting groups R e g e n e r a b i l i t y i s a v e r y i m p o r t a n t c o n s i d e r a t i o n i n t h e d e s i g n of a r e a c t i v e polymer used as r e a g e n t o r p r o t e c t i n g group i n o r g a n i c s y n t h e s i s [21]. T h i s i s p a r t i c u l a r l y i m p o r t a n t as, w i t h a few
h y l s i l a n e [14] . Though (Fig. 12) . R e c y c l i n g a f t e r c l e a v a g e of t h e a l c o h o l i s done e a s i l y and q u a n t 
i o n a l i z a t i o n o f t h e f i n a l p o l y m e r b e i n g a f u n c t i o n of t h e monomer f e e d r a t i o . I n t h i s c a s e t h e l a b i l i t y of t h e p h e n y l -s i l i c o n bond of t h e p e n d a n t g r o u p i s u s e d t o a d v a n t a g e i n t h e s u b s e q u e n t c r e a t i o n of t h e a c t i v e c e n t e r by c l e a v a g e w i t h a c i d t o y i e l d t h e d e s i r e d s i l y l a t i o n r e a g e n t . T h o u g h c l e a v a g e t o y i e l d a c h l o r o d i m e t h y l p r o p y l pendant group i s p o s s i b l e w e o p t e d f o r t h e n o v e l t r i f l u o r o a c e t y l s i l y l group as s i l y l a t i n g s p e c i e s . T h i s a f f o r d s a polymer which r e a c t s w e l l w i t h a l c o h o l s and c a n be used f o r t h e i r temporary p r o t e c t i o n
i t a t i v e l y t h r o u g h t r i f l u o r o a c e t y l a t i o n o r t h e more u s u a l c h l o r i n a t i o n . I n e i t h e r c a s e n o l o s s o f s i l i c o n i s o b s e r v e d u p o n r e p e a t e d r e c y c l i n g . T h i s e x a m p l e i s i n t e r e s t i n g a s i t i l l u s t r a t e s a d e s i g n where n o v e l c h e m i s t r y on a s o l i d polymer was d e v e l o p e d w i t h o u t t h e need f o r p r i o r "analogous" s o l u t i o n experiments.
Use of reactive polymers in the determination of reaction mechanisms A s c r o s s l i n k e d p o l y m e r s remain i n s o l u b l e t h r o u g h o u t t h e c o u r s e of r e a c t i o n s i n which t h e y are i n v o l v e d , t h e i r c o n f e r t h e i r i n s o l u b i l i t y t o any r e a c t i v e s p e c i e s which becomes a t t a c h e d t o them d u r i n g r e a c t i o n . T h i s phenomenon can be u s e f u l i n h e l p i n g t o d e t e r m i n e t h e n a t u r e of c e r t a i n r e a c t i v e i n t e r m e d i a t e s i n complex
t i o n s , we h a v e used t h e i n s o l u b i l i t y of t h e p o l y m e r i c c a t a l y s t t o d e t e r m i n e t h e mechanism of t h e a d d i t i o n r e a c t i o n . The t e s t r e a c t i o n we s t u d i e d was t h e a d d i t i o n of d i e t h y l z i n c t o b e n z a l d e h y d e [ 861; t h i s r e a c t i o n i s c a t a l y z e d by a v a r i e t y o f a l c o h o l s a n d a m i n e s a n d we c h o s e t o t e s t f i r s t t h e a p p l i c a b i l i t y of t h e polymer-bound e p h e d r i n e d e s c r i b e d e a r l i e r [28]. W h i l e o u r work was i n p r o g r e s s , s e v e r a l r e p o r t s from o t h e r l a b o r a t o r i e s on similar d i e t h y lz i n c a d d i t i o n r e a c t i o n s u s i n g s o l u b l e c a t a l y s t s a p p e a r e d [87-881. Our f i n d i n g s confirmed t h a t t h e polymer-bound e p h e d r i n e as w e l l as o t h e r polymer-bound amino a l c o h o l s c o u l d be used e f f i c i e n t l y as c a t a l y s t s i n t h i s asymmetric a d d i t i o n r e a c t i o n b u t t h e mechanism proposed by o t h e r s [ 8 8 ] d i d n o t m a t c h o u r o b s e r v a t i o n s w i t h t h e i n s o l u b l e c a t a l y s t . Here a g a i n , t h e i n s o l u b l e n a t u r e of t h e c a t a l y s t f a c i l i t a t e s t h e e x p l o r a t i o n of t h e r e a c t i o n mechanism as t h e d i s t i n c t p h a s e s which can be s e p a r a t e d from t h e r e a c t i o n m i x t u r e a t d i f f e r e n t s t a g e s of t h e r e a c t i o n p r o v i d e e x c e l l e n t c l u e s as t o t h e n a t u r e of t h e o v e r a l l p r o c e s s , I n t h i s c a s e , o u r r e s u l t s show a two z i n c s p e c i e s mechanism i n which t h e i n i t i a l l y formed polymer-bound z i n c complex o n l y acts t o bind t h e a l d e h y d e i
n a c h i r a l e n v i r o n m e n t w h i l e a l k y l t r a n s f e r o c c u r s i n e n a n t i o s e l e c t i v e f a s h i o n from unbound d i e t h y l z i n c . 
Development of high activity polymeric supernucleophilic catalysts
T h i s s t u d y a l s o c o n f i r m s t h a t t h e small b u t c l e a r l y d e t e c t a b l e d i f f e r e n c e s i n r e a c t i v i t y b e h a v i o r between t h e p o l y m e r s and model c a t a l y s t s i n s o l u t i o n c a n be a t t r i b u t e d d i r e c t l y t o t h e microenvironment which e x i s t s w i t h i n t h e p o l y m e r i c catalysts. Even a t moderate d e g r e e s of f u n c t i o n a l i z a t i o n r e a c t i v e sites are l o c a l l y more c o n c e n t r a t e d i n t h e polymer t h a n would be t h e case i n a homogenous s o l u t i o n . T h i s i n c r e a s e s t h e l o c a l p o l a r i t y a t t h e s i t e of react i o n , which, i n t u r n , a f f e c t s a t t a c k of t h e a l c o h o l on t h e charged i n t e r m e d i a t e and c a u s e s a small b u t d e t e c t a b l e d r o p i n polymer c a t a l y t i c a c t i v i t y when compared t o t h e f r e e models i n s o l u t i o n . S i m i l a r l y , i n a l e s s f a v o r a b l e p o l a r r e a c t i o n medium t h e polymer shows a r e l a t i v e e n h a n c e m e n t i n i t s a c t i v i t y when c o m p a r e d t o t h e f r e e c a t a l y s t a s t h e l o c a l ( s t y r e n i c ) environment of t h e c a t a l y t i c s i t e s p r o v i d e s a ' p o l a r i t y s h i e l d ' which c a n n o t be i m i t a t e d i n homogeneous medium. O v e r a l l , t h i s s t u d y c o n f i r m s t h e p o t e n t i a l u s e f u l n e s s of p o l y m e r i c a c y l a t i o n c a t a l y s t s and t h e i m p o r t a n c e of s p a c e r groups and microenvironment c o n s i d e r a t i o n s i n t h e s t r u c t u r a l d e s i g n of t h e catalysts.
+cH~-YH +-+H,-CH I -)- 1021. W i t h v e r y f e w n o t a b l e e x c e p t i o n s , l i t t l e w o r k h a s b e e n d o n e i n t h e s p e c i f i c development of r e a c t i v e r e s i n s s u i t a b l e f o r HPLC though t h e r e may be s i g n i f i c a n t a d v a n t a g e s i n t h e i r u s e f o r s p e c i a l i z e d s e p a r a t i o n s as materials w i t h v e r y s p e c i f i c i n t e r a c t i o n s and e x c e l l e n t c h e m i c a l r e s i s t a n c e c o u l d r e s u l t . (Fig.14) h a v e b e e n p r e p a r e d and shown t o be e f f e c t i v e i n HPLC s e p a r a t i o n s . 15. R . M . W h e a t o n a n d D.F. H a r r i n g t o n , I n d . E n g . C h e m . , 4_4, 1 7 9 6 ( 1 9 5 2 ) . J . R . M i l l a r , D . G . S m i t h , W.E. Marr a n d T.R.E. K r e s s m a n , J . C h e m . S O C . , 2 1 8 ( 1 9 6 3 ) . D.E. B e r g b r e i t e r , C h a p t e r 2 i n r e f . 9 , 1 7 ( 1 9 8 6 ) .
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